INTRODUCTION
Despite the enormous impact of combination antiretroviral therapy (cART) on HIV-related morbidity and mortality, treatment is lifelong, expensive and has side-effects. The major barrier to cure is the persistence of long-lived latently infected cells. One strategy being investigated to eliminate latency is to activate transcription from latently infected cells using latency-reversing agents (LRAs) such as histone deacetylase inhibitors (HDACi). The effect of LRAs on infected cells within the central nervous system (CNS) or on viral strains that are uniquely found in the CNS has not been examined. Determining the effect of LRAs on infected cells within compartments other than CD4+ T cells is essential for the implementation of strategies aimed either at complete elimination of all infected cells, or for the controlled activation and elimination of particular reservoirs.
Following the discovery of latent viral reservoirs in cART-treated HIV-1-positive patients, the need for a greater understanding of the regulatory mechanisms that control silencing of HIV-1 transcription has emerged. Numerous studies have concentrated on the use of potential therapeutic interventions to reverse HIV-1 latency. Initially, studies concentrated on the use of pan-HDACi (vorinostat, panobinostat; HDACi, which lack specificity to particular classes of HDAC) but these have had limited success in clinical trials. The more recent use of class-specific HDACi (romidepsin, entinostat, givinostat, belinostat) may achieve improved specificity and activity against the long terminal repeat (LTR). 1 Non-HDACi LRAs are currently being pursued as alternatives and may potentially be more effective and specific activators of HIV-1 viral transcription. Disulfiram, a modulator of Akt signaling, HMBA, which is a Tat (viral transactivator of transcription) mimetic and has roles in chromatin remodeling, JQ1, which is a bromodomain inhibitor, and chaetocin, which is a histone methyltransferase inhibitor are all being investigated for their potential use in reversing HIV-1 latency. [2] [3] [4] [5] The cellular targets of HIV-1 infection of the CNS are the relatively long-lived microglia, perivascular macrophages and astrocytes. 6 HIV-1 infection in the CNS is characterized by the compartmentalization of unique viral variants demonstrated at the level of env sequence and the LTR, [7] [8] [9] [10] [11] [12] [13] [14] with HIV-1 isolated from the CNS displaying reduced basal and Tat-activated transcriptional activity in CNS-derived cell types. 15 The mechanism regulating the reduced transcriptional activity maps to elements within the LTR sequence, which may impact the effectiveness of LRAs.
HIV-1 transcription is regulated by the interaction of host and viral factors, with a variety of cis-acting sequences present in the HIV-1 LTR. 16, 17 Following integration of HIV-1 into regions of active chromatin, transcription factor-binding sites in the LTR recruit activating and repressing host cell transcription factors. [18] [19] [20] [21] Within the HIV-1 LTR, binding sites for nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB), specificity protein 1 (Sp1), Yin Yang 1, upstream binding protein 1, activator protein 1 and other transcription factors recruit chromatin-modifying complexes.
chromatin remodeling and enhance transcriptional activation in either a Tat-dependent or independent manner. [27] [28] [29] [30] Alternatively, repressing complexes recruit HDAC that stabilize the HIV-1 associated chromatin, resulting in a decrease in transcriptional activity and the establishment of viral latency. 22, 23, 26 The relative recruitment of activating and repressing factors influences the balance between quiescence and active transcription, and the dynamics of switching between these two states. 31 It follows that the regulation of HIV-1 latency is determined not only by the host cell environment, but also the sequences of LTRs within these cells. CNS-derived LTRs have tissue-specific sequences and CNS-restricted transcriptional activities when compared with lymphoid-derived LTRs, [32] [33] [34] [35] [36] [37] [38] [39] suggesting that the relative recruitment of host transcription factors, in a tissue and LTR specific manner, may act to modulate HIV-1 transcription in the CNS.
The Sp motifs within the HIV-1 LTR are important for basal transcriptional activity, Tat transactivation and the establishment and control of viral latency. 23, 31, [40] [41] [42] Recently we demonstrated that sequence changes within the LTR discriminated CNS-and lymphoid-derived LTRs with respect to sequence and transcriptional activity. 15 Given these findings we hypothesized that polymorphisms within the Sp motifs in LTRs isolated from the CNS will impact their responsiveness to LRAs. The compartmentalization of HIV-1 LTR sequences between lymphoid cells and the CNS predicts that LRAs may function differently in the CNS with potentially important implications for the design and delivery of eradication strategies.
MATERIALS AND METHODS

Patient cohort
The patient cohort consisted of four HIV-1 dementia patients from which we had matched CNS and lymphoid autopsy samples. The primary CNS-and lymphoid-derived HIV-1 viruses isolated from subjects CB1, CB3, MACS2(M2) and MACS3(M3) have been described in detail previously. 15, 43 For this study we obtained a minimum of six independent LTR clones per patient, per tissue sample (n = 82) to ensure we could perform appropriate statistical tests. Sequencing revealed that 50 of these clones were unique, and among these we identified 17 unique Sp motifs from the cohort that were subsequently analyzed.
HIV-1 transcription assays
The human fetal astrocytic cell line (SVG) 44 or Jurkat T-cell line 45 were seeded at 2000 cells per well in antibiotic-free media into 96-well flat-bottom plates. The following day, cells were transfected with 150 ng per well of patient-derived or control LTR contained within the pGL3-basic expression vector, using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Waltham, MA, USA). For basal conditions, cells were co-transfected with 10 ng per well of pTarget-empty. For Tat-activated conditions, cells were co-transfected with 10 ng per well of pTargeT-HxB2-Tat. Four hours post transfection, the media was changed and cells were incubated for a further 20 h. For experiments performed with LRAs, pharmacologically relevant concentrations of panobinostat (60 nM), romidepsin (40 nM), vorinostat (1000 nM), chaetocin (100 nM), disulfiram (1000 nM) or JQ1 (500 nM) were added 24 h prior to harvesting (Supplementary Table 1 ). The viability of SVGs treated with LRAs was measured using the MTS assay and the 50% cytotoxicity concentration (CC 50 ) was determined for all LRAs tested, which is summarized in Supplementary Table 1. Cells were then lysed 72 h post transfection in 1 × Cell Culture Lysis Reagent (Promega, Fitchburg, WI, USA) and the transcriptional activity of the LTR was measured by quantifying luciferase expression using the Luciferase Assay System (Promega) according to manufacturer's instructions. Luminescence was measured using a FLUOStar Optima microplate reader (BMG Labtech, Ortenberg, Germany).
Electrophoretic mobility shift assays (EMSAs) Double-stranded DNA complementary to unique SpIII, SpII or SpI motifs from patient-derived CNS and lymphoid LTRs were used in EMSAs utilizing recombinant Sp1 protein as previously described. 46 To demonstrate binding specificity, rabbit polyclonal anti-Sp1 (sc-59X, Santa-Cruz Biotech, Dallas, TX, USA) antibody was used to Supershift probe-Sp1 complexes. Sp1 complexes were quantitated by gel densitometry using ImageQuant software (GE Healthcare, Little Chalfont, UK). To account for variability in probe activity, Sp1 complex density was normalized to lane density and subsequently expressed relative to HxB2 control oligonucleotide. Alternatively, a 76 bp sequence spanning all three Sp motifs (corresponding to nucleotides 357-433 of HIV-1 HXB2) in the core promoter was generated using PCR. Sp1-binding affinity was determined using EMSAs as described above.
RESULTS
Extensive polymorphisms exist within the core promoter of LTR sequences isolated from the CNS The Sp motifs in the core basal promoter region of the HIV-1 LTR of isolates obtained from the lymphoid compartment (peripheral blood mononuclear cell or lymph node) and the CNS (spinal cord, cerebrospinal fluid or brain), which have been described previously, 15 were examined relative to the consensus T-cell tropic laboratory isolate HXB2 (Figure 1a) . Extensive heterogeneity was observed across this region. We have previously shown that these polymorphisms compartmentalized between patients, and within patients between tissues. 15 Mutations within the Sp motifs in the core promoter region of the LTR were observed within all LTRs isolated. In addition, several isolates contained sequence polymorphisms in the sequences intervening and adjacent to the Sp motifs. Notably, the functionally important SpIII (distal) site showed a high degree of heterogeneity in both the CNS and lymphoid compartment-derived isolates. However, polymorphisms in adjacent sequences were mainly observed in the CNS-derived isolates. These results suggest that alterations in sequences flanking the Sp-binding motifs of CNS-derived HIV-1 strains may reflect functional differences between CNS-and lymphoid-derived viruses.
Compartment-specific polymorphisms in the core promoter region result in anatomical site-specific transcriptional activity To determine whether polymorphisms in the core promoter region of the LTR sequences isolated from the CNS and lymphoid compartments have differential effects on transcriptional activity, LTRs with unique core promoters were analyzed for both basal and Tat-activated transcriptional activity in the human fetal astrocyte cell line SVG, as described previously 15 ( Figure 1b and c) . SVG cells were used for this analysis as they contain similar levels of the Sp1 and Sp3 proteins to that observed in primary fetal astrocytes and in HIV-1 infected human brain tissue (Supplementary Figure 1) . Control LTRs carrying mutations designed to inhibit binding of Sp1 alone (Z5 and Z6) and in combination with mutations in the NF-κB site (Z7) significantly reduced both basal and Tat-activated transcription as expected. Deletion of the TAR region had no effect on basal transcription, however significantly reduced Tat-activated transcription as expected.
All CNS-derived LTRs (C1C1, C3C1, C3S1, C3S3, M2B1, M2B2, M3B5, M3B7, M3B13, M3B26, M3B31) displayed basal transcription significantly lower than the consensus T-cell-derived control LTR (Z1). However, there was no significant difference in the transcriptional activity between LTR sequences isolated from the lymphoid compartment (C1P1, C3P3, M2L1, M3L18), and the consensus control LTR, Z1. Importantly, CNS-derived LTR sequences demonstrated significantly reduced transcriptional activity relative to lymphoid-derived LTRs from the same patients. Similar trends were observed for Tat-activated transcription, with the exception of M3L18 where there was a significant decrease in Tat-activated transcription in comparison with the consensus control LTR, Z1.
These data suggest that Sp motif polymorphisms result in a significant reduction in both basal and Tat-activated transcriptional activity of CNS-derived LTR sequences relative to lymphoidderived LTRs from the same patients. Lymphoid-derived LTRs generally maintained levels of transcriptional activity similar to that of the consensus control LTR.
Reduced Sp1-binding capacity in the promoter proximal motif (SpI) does not significantly influence overall binding of Sp1 to the core promoter region in both CNS-and lymphoid-derived sequences
To investigate the role of mutations within the core basal promoter on reduced transcriptional activity, the binding affinities of Sp transcription factor motifs in LTRs isolated from the CNS and lymphoid compartments were determined using EMSAs. Radiolabeled probes encompassing the three Sp transcription factor motifs were generated for each unique sequence from the panel of CNS-and lymphoid-derived LTRs ( Figure 1a) .
The consensus-binding sequence of the proximal Sp motif (SpI) was conserved in lymphoid-derived LTRs, but polymorphisms were observed in several CNS-derived LTRs with a number of polymorphisms located in the adjacent sequences ( Figure 2a ). The frequency of polymorphisms resulting in reduced Sp1 binding to the proximal Sp motif predominated in CNS-derived LTR sequences, with 26% of these sequences binding Sp1 with an affinity of o 0.6 × that of consensus LTR, whereas 100% of Tat -activated transcriptional activity of LTRs isolated from the CNS and lymphoid compartments of patients with HIV. Lymphoid isolates are in red, CNS isolates in blue. SVG cells were transfected with LTR luciferase constructs containing LTRs from the CNS and lymphoid compartments of patients and subjected to HIV-1 transcription assays either in the presence or absence of Tat. Control promoters based on consensus T-cell isolate HXB2 are indicated by Z (Z1: wild-type sequence; Z1(TAR-): deletion of TAR region; Z5: mutation of SpI; Z6: mutation of SpII and SpIII; Z7: mutation of SpIII and NF-κB). Patient isolates are indicated. Luciferase activity is relative to a T-cell consensus sequence and Tat activation is shown as fold activation over basal for each LTR sequence. Data shown are representative of four independent experiments, each experiment performed in triplicate. Shown are the means and s.e.m. of these data. Significance values (calculated by student's t-test): *P = o 0.05, **P = o0.01, ***P = o0.001, ns = not significant. Black values indicate significance of isolates relative to Z1 T-cell tropic consensus sequence (HXB2), red values represent significance of CNS-derived isolates relative to lymphoid-derived isolates from the same patient. CNS, central nervous system; LTR, long terminal repeat.
lymphoid-derived LTR sequences bound Sp1 with an affinity approaching that of consensus LTR (Figure 2b ). There was no significant correlation between binding to the proximal Sp motif (SpI) and overall binding to the core promoter (r 2 = 0.03, P = 0.347) (Figure 2c) .
These results show that the proximal Sp motif is generally well conserved in both CNS-and lymphoid-derived LTRs, with binding of Sp1 to this motif generally close to that of the consensus motif, and there was no significant functional impact on binding to this motif or binding to the overall core promoter region.
Sp1-binding capacity of the promoter medial motif (SpII) significantly influences overall binding of Sp1 to the core promoter region in both CNS-and lymphoid-derived sequences The medial Sp-binding motif (SpII) is well conserved in both the CNS-and lymphoid-derived LTR sequences, however, heterogeneity was observed in the distal/medial and proximal/medial intervening sequences. Within each patient, polymorphisms in these regions were compartment specific. C3 carried a T to C change at nucleotide − 56 in the proximal/medial intervening sequence only in the lymphoid-derived isolates, and the Figure 2 . Frequency distribution of Sp1-binding affinities relative to compartment and correlation of effect of individual Sp motif affinities to overall binding to the core basal promoter. Sp1-binding capacity of individual Sp motifs relative to compartment distribution was determined using EMSA: SpI (a and b), SpII (d and e) or SpIII (g and h). Gray and white shading in the sequence alignments indicates CNS-and lymphoidderived LTRs, respectively. The correlation between binding to the individual motif and binding to the complete core promoter is shown (c, f and i). Blue symbols represent CNS-derived LTRs; red symbols represent lymphoid-derived LTRs. Shown are the means and s.e.m. of these data. Correlations were calculated using linear regression analyses in Prism 6.0e (GraphPad, La Jolla, CA, USA) with P and r 2 values shown. CNS, central nervous system; EMSA, electrophoretic mobility shift assay; LTR, long terminal repeat.
CNS-derived isolates from the same patients maintained the consensus T in this region or contained a T to A polymorphism (Figure 2d) .
Polymorphisms in and surrounding the medial motif had only minor effects on the affinity of this site for Sp1 protein irrespective of compartment of origin, with all of the LTRs maintaining Sp1 binding to the medial motif with an affinity similar to the consensus motif (40.7 × ) (Figure 2e ). There was a strong correlation between binding to the medial motif and binding to the overall core promoter region (r 2 = 0.19, P = 0.008) (Figure 2f ). Thus, despite relatively few polymorphisms observed within the medial motif, the majority of sequences maintained a high affinity for binding Sp1 protein, and binding to this motif significantly correlates with binding to the overall core promoter region.
Sp1-binding capacity of the promoter distal motif (SpIII) significantly influences overall binding of Sp1 to the core promoter region in both CNS-and lymphoid-derived sequences The promoter distal Sp motif (SpIII) contained several polymorphisms in the CNS-derived LTRs, but lymphoid-derived LTR sequences were more conserved (Figure 2g) . Significantly, although nucleotide changes were patient specific, polymorphisms were also compartment specific. All CNS-derived sequences from patient C3 contained a C to A nucleotide change at position 68, a similar mutation was also observed in two of the M3 patient brainderived sequences B7 and B26. Additional CNS-derived LTRs contained nucleotide changes at position 80 directly adjacent to the core SpIII motif (G to T for C3 CNS isolates and G to A for M3 CNS isolates). The binding activity of these CNS-derived isolates (C3C1/S1/S3; M3B5/7/13/22/26/31) was significantly reduced relative to the consensus LTR (ranging from 0.183 ± 0.039 (M3B7/26) to 0.693 ± 0.078 (M3B5/13/22/31)) with similar reductions in transcriptional activity (Figure 1b) . Polymorphisms in the lymphoid-derived LTRs had minimal effect on binding of Sp1 to the distal motif, with 100% of the LTRs maintaining binding affinity of 0.7 × or greater relative to the consensus motif (Figure 2h) . Conversely, 470% of CNS-derived LTRs demonstrated binding affinities of o0.7 × that of the consensus sequence, with approximately 60% having affinities o0.6 × that of the consensus sequence (Figure 2h) . A significant correlation (r 2 = 0.73, Po0.0001) was observed between binding to the distal motif and binding to the overall core promoter region (Figure 2i) .
These results show that polymorphisms affecting Sp1 binding to the distal Sp motif predominate in CNS-derived sequences with the majority binding Sp protein poorly, and that there was a significant correlation between binding to this motif and overall binding to the core promoter region.
Decreased Sp1-binding affinities for the complete core promoter predominate in CNS-derived LTRs and strongly correlate with reduced transcriptional activity DNA sequences encompassing the complete core promoter region (SpI-III) for each of the unique sequences isolated from the CNS and lymphoid compartments were next analyzed for their ability to bind Sp1 protein using EMSA. Core promoter regions with a reduced capacity to bind Sp1 protein predominated in sequences isolated from the CNS; 480% of CNS-derived LTRs bound Sp1 protein with an affinity of o0.7 × that of the consensus motif, and 60% bound with an affinity of o0.6 × consensus binding (Figure 3a) . In contrast, 100% of LTRs isolated from the lymphoid compartment of the same patients maintained an affinity to bind Sp1 protein approaching that of the consensus motif.
There was a strong correlation between Sp1-binding affinity and basal transcriptional activity of both CNS-and lymphoidderived LTRs in both SVG astrocytes (r 2 = 0.17, P = 0.012) and Jurkat T cells (r 2 = 0.32, P o 0.001) ( Figure 3 bI and bIII), and Tat-activated transcription in SVG astrocytes (r 2 = 0.11, P = 0.045) but not in Jurkat T cells (r 2 = 0.07, P = 0.130) (Figure 3 bII and bIV) . These data suggest that the Sp motifs have an important role in the regulation of HIV-1 transcriptional activity irrespective of the compartment from which they are derived, and that the predominance of Sp motif polymorphisms observed in CNSderived LTRs reduce Sp1 binding and result in the reduced transcriptional activity of these LTRs in CNS cells.
Reduced transcriptional activity of CNS-derived LTRs maps to mutations within the Sp-binding motifs within the core basal promoter region To determine whether polymorphisms in the core promoter region Sp motifs were directly responsible for the decreased transcriptional activity observed by CNS-derived LTRs, the Sp motifs from CNS isolates M3B7 and M3B13 and from the lymphoid-derived M3L18 LTR were introduced into the consensus T-cell-derived LTR Z1. Conversely, the Sp motifs from the consensus T-cell-derived LTR Z1 was introduced into the CNSderived LTRs M3B7 and M3B13. Transcriptional activity of the mutated LTRs was determined in SVG astrocyte cells in the presence and absence of Tat.
A significant difference in transcriptional activity was observed between Z1 and M3B7 under basal conditions (M3B7 0.3 × Z1 P = 0.005) (Figure 4a) . Introduction of the M3B7 Sp motifs into Z1 (WT+M3B7) resulted in a significant decrease in the activity of Z1 (0.5 × Z1, P = 0.006) and replacement of the M3B7 motifs with consensus Sp motifs (M3B7+WT) resulted in an increase in M3B7 transcriptional activity from 0.3 × to 0.65 × that of Z1 (P = 0.003). Similar results were observed under Tat-activated transcription with a significant difference observed in Tat responsiveness between Z1 and M3B7 (Z1 70-fold over basal, M3B7 32-fold over basal, P = 0.0024) (Figure 4d) . Introduction of the M3B7 Sp motifs into Z1 (WT+M3B7) resulted in a significant decrease in Tat activation of Z1 (20-fold over basal, P = 0.001) and replacement of the M3B7 motifs with consensus Sp motifs (M3B7+WT) resulted in an enhanced ability of Tat to activate M3B7 from 32-fold to 55-fold over basal (P = 0.009).
A significant difference in transcriptional activity was also observed between Z1 and M3B13 under basal conditions (M3B13 0.45 × Z1 P = 0.0017) (Figure 4b) . Replacement of the consensus Sp motifs in Z1 with M3B13 Sp motifs (WT+M3B13) resulted in a significant decrease in the activity of Z1 (0.5 × Z1, P = 0.0021) and introduction of the consensus Sp motifs into the M3B13 backbone (M3B13+WT) resulted in an increase in M3B13 transcriptional activity from 0.45 × to 0.9 × that of Z1 (P = 0.0061). Similar results were observed under Tat-activated conditions, with a significant difference observed in Tat responsiveness between Z1 and M3B13 (Z1 70-fold over basal, M3B13 30-fold over basal, P = 0.0018) (Figure 4e) . Introduction of the M3B13 Sp motifs into Z1 (WT +M3B13) resulted in a significant decrease in Tat responsiveness of Z1 (18-fold over basal, P = 0.0006) and replacement of the M3B13 motifs with consensus Sp motifs (M3B13+WT) resulted in an enhanced ability of Tat to activate M3B13 transcriptional activity from 30-fold to 57-fold over basal (P = 0.0002).
There was no significant difference in basal transcriptional activity of the lymphoid-derived isolate from the same patient (M3L18) and Z1 (Figure 4c) . Introduction of the M3L18 Sp motifs into the Z1 consensus backbone did not significantly alter basal transcription. Interestingly, a significant decrease in Tat responsiveness of M3L18 LTR was observed relative to Z1, along with a significant decrease in Tat responsiveness of the mutated construct WT+M3L18, suggesting regions outside the Sp motifs of primary isolates may contribute to Tat responsiveness of lymphoid-derived LTRs.
Together, these data strongly suggest that LTRs isolated from the CNS have a reduced basal transcriptional activity compared with lymphoid-derived isolates from the same patients and to the consensus T-cell-derived LTR, and that this phenotype can be mapped to polymorphisms within the Sp motifs that show reduced Sp1-binding affinity.
CNS-derived LTRs have reduced responsiveness to select LRAs in CNS cells
To determine whether CNS-derived LTRs have an altered responsiveness to LRAs, we next performed experiments in SVG cells in the presence and absence of a panel of LRAs. For the LRAs vorinostat, chaetocin, disulfiram and JQ1 alone, a modest increase in transcriptional activity of the control Z1 LTR was observed (up to sevenfold) (Figure 5c-f) . For these LRAs, there was generally no significant difference between the responsiveness of the primary isolates and the consensus T-cell sequence LTR Z1 (with the exception of Disulfiram and JQ1, where the primary LTRs were generally significantly lower), or between CNS-and lymphoid-derived sequences, with the exception of M3B where an altered response was noted with vorinostat, chaetocin, JQ1 and disulfiram.
For the LRAs panobinostat, romidepsin, Tat and JQ1+Tat, there was a strong increase in the activity of Z1 LTR with a fold increase in activation of 14, 10, 69 and 124, respectively (Figure 5a, b, g and  h) . A significant decrease in the response to these LRAs compared with Z1 was observed for all CNS-derived LTRs and for primary LTRs generally when treated with a combination of JQ1+Tat, but not with Tat alone. Importantly, within each patient there was a significant reduction in the fold activation of the CNS-derived LTRs compared with the lymphoid-derived LTRs isolated from the same patients.
These data suggest that LTRs from primary isolates may respond differently compared with consensus T-cell-derived LTRs in the CNS, and importantly that LTRs derived from different compartments (CNS and lymphoid) from the same patient may have significantly different responsiveness to LRAs in CNS cells.
DISCUSSION
We have previously shown that HIV-1 is compartmentalized between CNS and lymphoid compartments, and also between different cells within the CNS at the level of env and the LTR. 9, [47] [48] [49] Furthermore, we have shown that HIV-1 LTR sequences isolated from the CNS have a significantly lower transcriptional activity than LTRs isolated from the lymphoid compartments of the same patients. 15 We now demonstrate that these differences in transcriptional activity can be mapped to polymorphisms in the core promoter region of the LTR, specifically the three Sp motifs. We demonstrate that the presence of polymorphisms in the core promoter region of HIV-1 LTRs isolated from the CNS significantly correlate with reduced binding of Sp1 protein to the core promoter of these HIV-1 isolates, and is significantly correlated to a reduced transcriptional activity of these promoters. Importantly, these polymorphisms result in an altered response of CNS-derived LTRs to the LRAs panobinostat and romedepsin compared with lymphoid-derived LTRs from the same patients, suggesting the possibility of compartment specific effects within a patient in response to these LRAs, which are both under clinical investigation.
Our results demonstrate that naturally occurring polymorphisms within the Sp motifs of primary HIV-1 isolates have a significant effect on the binding of Sp1 protein to these core promoters (both as individual sites and as entire core promoter regions). Importantly, LTRs with a significantly reduced ability to bind Sp1 protein predominate in sequences isolated from the CNS, whereas lymphoid-derived isolates from the same patients maintain high-affinity binding to Sp1 protein irrespective of polymorphisms. Interestingly, the greatest numbers of polymorphisms were observed within the SpIII motif. While a previously reported polymorphism (5 T: C to T polymorphism in SpIII motif) 50 was present in some of the CNS LTRs, this polymorphism was also present in lymphoid-derived sequences from the same patient where binding of Sp1 and transcriptional activity was approaching that of the wild-type consensus T-cell-derived promoter. Tran- Figure 4 . Effect of CNS-derived Sp motif polymorphisms on consensus T-cell-derived promoter activity. The Sp motifs from the CNS-derived isolates M3B7 and M3B13, and the lymphoid-derived isolate M3L18 were introduced into the Z1 T-cell-derived promoter Sp core region (WT +M3B7, WT+M3B13, WT+ML18), and the transcriptional activity determined. Conversely, the consensus Z1 T-cell Sp motifs were introduced into the CNS-derived isolates M3B7 and M3B13 (M3B7+WT; M3B13+WT) and the transcriptional activity determined. Basal transcription is shown in a, b and c, whereas Tat-activated transcription is shown in d, e and f. Blue bars represent CNS-derived LTR backbones; red bars represent lymphoid-derived LTR backbones; black bars represent consensus T-cell LTR backbones. Data shown are representative of four independent experiments, each experiment performed in triplicate. Shown are the means and s.e.m. of these data. Significance values (calculated using student's t-test): *P = o0.05, **P = o0.01, ***P = o0.001, ns = not significant. CNS, central nervous system; LTR, long terminal repeat. Significance values (calculated using student's t-test): *P = o0.05, **P = o0.01, ***P = o0.001, ns = not significant. Black values indicate significance of isolates relative to Z1 T-cell-derived consensus sequence (HXB2), red values represent significance of CNS-derived isolates relative to lymphoid-derived isolates from the same patient. CNS, central nervous system; LRA, latency-reversing agent; LTR, long terminal repeat.
scriptional activity was likely restored by compensatory nucleotide changes in the binding motif and the core promoter.
Previous studies have reported that the three Sp motifs have varying affinities for Sp1 protein and that the affinity of binding to the motif is directly related to promoter activity and correlates strongly with disease progression. The SpIII (NF-κB proximal) motif is reported to be the most functionally significant of the three motifs. 24, 51, 52 We observed multiple polymorphisms in the NF-κB proximal Sp motif (SpIII) in both lymphoid-and CNS-derived LTRs and showed that binding to this site had a very significant (P = o0.0001) correlation with capacity of the entire core promoter region (SpI-SpIII) to bind Sp1 protein. Importantly, we demonstrated that despite polymorphisms being observed in both the CNS-and lymphoid-derived promoters from the same patients, polymorphisms resulting in a reduced capacity to bind Sp1 protein predominated in CNS-derived sequences. Furthermore, we demonstrated that the reduced binding capacity of the CNS-derived LTRs to bind Sp1 protein correlated with reduced transcriptional activity in both CNS cells and T cells under basal conditions, and in CNS cells but not T cells under Tat-activated transcription. Confirmation that the reduced Sp1-binding affinity was responsible for the lower transcriptional activity phenotype of the CNS-derived isolates was obtained by replacing the consensus Sp motifs of a T-cell LTR (Z1) with mutated core promoter regions from the CNS-derived isolates M3B7 and M3B13. These data confirm that the reduction in CNS-derived promoter transcriptional activity directly correlates with a reduced ability of the core promoter to bind Sp1 protein. Although the use of EMSA assays clearly describes differences in relative affinities for Sp1 protein between the consensus T-cell motif and the CNS-derived Sp motifcontaining specific polymorphisms, they may provide relatively limited information on the mechanism of latency in the context of chromatin of CNS-derived LTRs. Future studies with chromatin immunoprecipitation assays may help clarify the mechanisms that regulate latency in the context of chromatin, and in the presence of low-affinity SpIII motifs described here.
Sp factors are a family of zinc finger-binding transcriptional factors comprising Sp1-4, and although Sp1, 3 and 4 have similar affinities for the GC-rich consensus T-cell motif found in the HIV-1 LTR, Sp2 preferentially binds to GT-rich sequences. Although Sp1 and 4 are considered transcriptional activators, Sp3, by virtue of its inability to form the complex protein-protein interactions necessary for facilitating transcriptional activation, is considered a repressor of transcription. In addition, although considered an activator of transcription, Sp4 fails to activate transcription synergistically from adjacent multiple Sp motifs as found in the HIV-1 LTR. In tissues with high levels of Sp3 and Sp4 expression such as the CNS, competition with Sp1 for motifs in the HIV-1 LTR may be expected to regulate transcriptional activity distinctly from other tissues.
Sp factors and the Sp motifs have been demonstrated to have essential roles in the regulation of transcription, establishment and activation from latency. 53 Sp factors bound to the HIV-1 core promoter cooperatively interact and recruit other transcription factors (Tat, NF-κB, TATA-binding protein, positive transcriptional elongation factor b) as well as the cellular transcriptional machinery (TFIID, RNA Pol II). [54] [55] [56] Sp factors also have an important role in regulating transcription by remodeling chromatin either via the recruitment of histone acetyltransferases to promote transcription or recruitment of HDAC to inhibit transcription. 57, 58 It follows that alterations in the ability of these motifs to bind Sp proteins, as observed in the CNS-derived isolates, will strongly influence their responsiveness to LRAs.
The Sp motifs have also been shown to confer a negative regulatory role on HIV-1 transcription in microglia via the action of the COUP-TF-interacting protein 2 (CTIP2). 59 CTIP2 is expressed in the brain, 60 where it has a key role in the development of corticospinal motor neuron axonal projections to the spinal cord.
61
CTIP2 represses HIV-1 transcription by interacting with the core promoter of HIV-1 following interactions with the COUP-TF/Sp1 complex and by binding to the Sp motif. 59, 62 Bound CTIP2 recruits HDAC1 and HDAC2 to promote local histone H3 deacetylation at the HIV-1 promoter region. In addition, DNA-bound CTIP2 also associates with the histone methyltransferase SUV39H1, which increases local histone H3 lysine 9 methylation and the simultaneous recruitment of heterochromatin proteins (HP1) to the viral promoter and formation of local heterochromatin, leading to HIV-1 silencing. 59 The function of CTIP2 initially appears at odds with our data, as mutations within the Sp motif would be expected to relieve the repression observed in CNS cells. However, Marban et al. 59 clearly demonstrates that the repressive effects of CTIP2 are exclusively directed through the proximal Sp sites (SpII and SpI). The mutations influencing basal and activated transcriptional activity presented here are predominantly located within the distal Sp site (SpIII), the site long established to be essential for the activation of HIV-1 transcription.
Finally, we clearly demonstrate that HIV-1 isolated from distinct compartments (CNS and lymphoid) within the same patient can have significantly different responses to LRAs, some of which are currently in clinical trials. Importantly, for the HDACi Panobinostat, and Romidepsin, and for JQ1 in combination with Tat, where a strong response was observed for activation of the T-cell consensus promoter, there was a significant reduction in the response of the CNS-derived LTRs following activation with the LRAs as compared with lymphoid-derived LTRs isolated from the same patients. For the LRAs that failed to activate transcription in CNS cells (disulfiram, JQ1 alone, vorinostat and chaetocin) there was no significant difference in the response of the CNS-and lymphoid-derived LTRs isolated from the same patients. The reduced capacity of CNS-derived Sp motif to bind Sp1 protein will likely impact the activation of viral transcription by LRAs. It is important to note that these experiments were conducted in a non-integrating system with replication being extrachromosomal. Although an integrating system is more representative of the 'natural' situation and will be very important in the further characterization of the effects of these polymorphisms, the inclusion of stringent controls attests to the validity of our results. Importantly, it is clear that the control T-cell LTRs demonstrate activation levels in response to treatment with LRAs and that this activation is equivalent to that reported in the literature 67 as determined in the ACH2 cell line and/or primary CD4+ T cells. Our data clearly indicate a differential response to LRAs examined between CNS-derived and non-CNS-derived HIV-1 LTRs.
Clinical trials of vorinostat, panobinostat and romedepsin in HIV-infected patients on cART have all recently been reported. 1, 68, 69 Only one of these studies, panobinostat, included an assessment of the effects on the CNS 1 and found no change in HIV RNA in cerebrospinal fluid collected prior to and following four treatment cycles.
There has recently been heightened interest in identifying strategies to eliminate latently infected cells by activating latent infection, commonly called 'shock and kill'. 70 Much of this work, in vitro, ex vivo and in vivo has focussed on the effects of LRAs on resting memory T cells that undoubtedly compose the major component of the viral reservoir. 71 However, integrated proviral genomes residing in non-T-cell reservoirs and compartments outside the lymphoid system represent a major barrier to eradication. The CNS is one possible viral reservoir. 6 We have clearly shown that patients may harbor integrated proviral genomes with distinct regulatory systems reflective of the compartment/tissue, and that these proviral genomes have distinct responses to activation by LRAs. These findings have important implications for the implementation of HIV 'cure' strategies. First, in the negative, treatment of patients with specific LRAs while activating HIV in peripheral reservoirs will not broadly activate virus in the CNS and thus clearance of virus from this compartment will not be achieved. A more positive consequence of this differential regulation is that a lack of activation of latent virus from reservoirs within the CNS may be desirable as clearance of the CNS activated virus may be confounded by the immune privileged nature of the CNS and a restricted penetrance of cART. Strategies may be developed to promote a 'functional cure' by which virus in the CNS remains dormant while eradication of virus from other reservoirs can be achieved.
In summary, we have identified that CNS-derived LTRs frequently harbor Sp motif mutations, which reduce their ability to bind Sp1. Furthermore, the lower Sp1 recruitment by CNS-derived LTRs resulted in reduced responsiveness to LRAs. These data suggest that the unique properties of non-T-cell reservoirs should be considered in the clinical development of LRAs, as a strategy to eliminate all latently infected cells in HIVinfected patients on cART.
